The electrocatalysis of the oxygen reduction reaction (ORR) on five binary Pi alloys (PtCr/C, PtMn/C, PtFe/C, PtCo/C, and PtNi/C) supported on high surface area carbon in a proton exchange membrane fuel cell was investigated. All the alloy electrocatalysts exhibited a high degree of crystallinity with the primary phase of the type Pt3M (LI2 structure with fcc type lattice) and a secondary phase (only minor contribution from this phase) being of the type PtM (LIo structure with tetragonal lattice) as evidenced from x-ray powder diffraction (XRD) analysis. The electrode kinetic studies on the Pt alloys at 95~ and 5 atm pressure showed a two-to threefold increase in the exchange current densities and the current density at 900 mV as well as a decrease in the overvoltage at i0 mA em -2 relative to Pt/C eleetrocatalyst. The PtCr/C alloy exhibited the best performance. In situ EXAFS and XANES analysis at potentials in the double-layer region [0.54 V vs. reversible hydrogen electrode (RHE)] revealed (i) all the alloys possess higher Pt d-band vacancies per atom (with the exception of PtMn/C alloy) relative to Pt/C electrocatalyst and (it) contractions in the Pt-Pt bond distances which confirmed the results from ex situ XRD analysis. A potential excursion to 0.84 V vs. RHE showed that, in contrast to the Pt alloys, the Pt/C electrocatalyst exhibits a significant increase in the Pt d-band vacancies per atom. This increase, in Pt/C has been rationalized as being due to adsorption of OH species from the electrolyte following a Temkin isotherm behavior, which does not occur on the Pt alloys. Correlation of the electronic (Pt d-band vacancies) and geometric (Pt-Pt bond distance) with the electrochemical performance characteristics exhibits a volcano type behavior with the PtCr/C alloy being at the top of the curve. The enhanced electrocatalysis by the alloys therefore can be rationalized on the basis of the interplay between the electronic and geometric factors on one hand and their effect on the chemisorption behavior of OH species from the electrolyte.
The role of Pt/C and Pt alloys on the mechanism of the oxygen reduction reaction (ORR) has been investigated previously, 1-4 however the mechanism still remains elusive. One of the first investigations I of the ORR on Pt alloy electrocatalysts was in phosphoric acid; the effect of changes in the Pt-Pt interatomic distances, caused by alloying, was examined. The strength of the [M-HO2]aas bond, the intermediate formed in the rate-determining step of the molecular dioxygen reduction, was shown to depend on the Pt-Pt bond distance in the alloys. A plot of the electrocatalytic activity vs. adsorbate bond strength exhibited a volcano type behavior. 5 It was shown that the lattice contractions due to alloying resulted in a more favorable Pt-Pt distance (while maintaining the favorable Pt electronic properties) for dissociative adsorption of 02. This view was disputed by Glass et al. ~ in their investigation on bulk alloys of PtCr (the binary alloy at the top of the volcano plot) of different compositions. The latter investigation showed no activity enhancement for the ORR in phosphoric acid. This study therefore suggested the possibility of differences in electrochemical properties of bulk vs. supported alloy electrocatalysts (small particles of 35-85 A) . A recent study on supported PtCo electrocatalysts ~ revealed the possibility that particle termination, primarily at the <100> vicinal planes in the supported alloy electrocatalyst, is the reason for the enhanced ORR electrocatalysis (i.e., <i00> vicinal planes are more active than <Iii>). Paffett et al., 3 attributed higher activities for the ORR on bulk PtCr alloys in phosphoric acid to surface roughening, and hence increased Pt surface area, caused by the dissolution of the more oxidizable alloying component Cr. In contrast to these findings on bulk alloys, the supported alloy electrocatalysts have been reported to retain their nonnoble alloying element in the electrode during long periods (6000-9000 h) of operation in phosphoric acid fuel cells (PAFCs) 6 and proton exchange membrane fuel ceils (PEMFCs). 7 Based on these previous investigations and in the context of the ORR mechanisms, the principle explanations for the * Electrochemical Society Active Member.
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enhanced ORR activity could be enumerated as being due to (i) modification of the electronic structure of Pt (5 d-orbital vacancies); (it) changes in the physical structure of Pt (Pt-Pt bond distance and coordination number); (iii) adsorption of oxygen-containing species from the electrolyte on to the Pt or alloying element; and/or (iv) redox type processes involving the first row transition alloying element. 8 One most powerful analytical technique which in principle can elucidate these different explanations is in situ xray absorption spectroscopy (XAS). The application of XAS to electrochemical systems has been reviewed recently. 9 The spectra consists of two parts, the near-edge part XANES (x-ray absorption near-edge structure) which gives chemical information and EXAFS (extended x-ray absorption fine structure) which gives the structural information. The XANES (_+50 eV relative to the absorption edge) is comprised primarily of multiple scattering and transition-to-empty states in the vicinity of the Fermi level by low energy photoelectrons with relatively long meanfree paths. The XANES can provide information on the oxidation state from the size and shift in the edge-transition and on the coordination symmetry of ligands around the excited atom from the shape of the edge transition. For Pt, analysis of the XANES white lines at the L3 and L2 edge can yield information on the d-band vacancies. The EXAFS region is 40 to 1500 eu beyond the absorption edge and is caused by the modulation of the x-ray intensity due to backscattering by a small fraction of the backscattered photoelectron wave. This interference effect caused by single-scattering electrons with short mean-free paths provides information about the short-range atomic order (coordination number and bond distances). The present study focuses on the investigation of several Pt eleetrocatalysts alloyed with the first-row transition metals to elucidate the dependence of electrode kinetics of oxygen reduction on their electronic and structural properties. For this purpose ex situ or in situ electrochemical, XRD, and XANES and EXAFS techniques were used.
Assembly of single ceil and its installation in the test station.--The membrane and electrode assembly (MEA)
was incorporated in a single-cell test fixture. Details of the single-cell test fixture and the MEA assembly are given elsewhere. 14 A platinized Pt electrode located in the anode compartment served as the reference electrode. The single cell was then installed in the fuel cell test station. TM The Lest station had provisions for temperature and pressure control, humidification of the reactant gases (hydrogen and oxygen), gas flow rate measurements, and measurements of half-and single-cell potentials as a function of current density. The electrical leads from the test station were connected to a programmable power supply (Hewlett-Packard Model 6033A), which was interfaced with an IBM/PS-2 computer for data acquisition, plotting, and analysis. tion, it was essential to attain the optimum operating conditions (with respect to conditioning of electrodes, water content of membrane, humidification conditions, and removal of organic impurities), because when a single cell is assembled the proton exchange membrane is in a dry state. For this purpose the cell was maintained at 50~ with the hydrogen and oxygen gases (1 arm) humidified at 60 and 55~ respectively, while it was operated at a current density of 200 mA cm -2 for the first 24 h. After this period, the cell temperature was raised to 85~ the reactant gas pressure to 5 arm, and the temperature in the H2 and O2 humidification bottles to 95 and 90~ respectively. It was then operated for 8 h at a current density of 2 A cm -2, for equilibration with the product water, to attain optimal water absorption conditions by the proton exchange membrane. Thereafter, the measurement of the i R-corrected Tafel plots for the ORR were made at 5 atm and 95~ with the oxygen and hydrogen gases being humidified at 100 and 105~
The cyclic vo]tammetry experiment was carried out using an argon flow through the working electrode (cathode, oxygen electrode) compartment and the electrodes were intially subjected to potential cycling (50 times) at 25 mV s -1. The cyclic voltammogram (CV) was then recorded to determine the electrochemically active surface area. The potential was scanned between 120 mV to 1 V vs. RHE and sweep rates in the range 10 to 50 mV s -I were used. For the measurement of the coulombic charge due to hydrogen adsorption or desorption lower sweep rates are preferred so as to minimize the pseudo-transmission line effects in the porous electrode. The electrochemically active surface area of the electrode was obtained using the charge required for hydrogen desorption from the Pt surface in the electrocatalyst.
X-ray diffraction.--The characteristics of the crystalline structure of supported Pt/C and binary Pt alloys (formation of superlattices etc.) were determined using the powder XRD technique. The data was obtained using a Sintag automated diffractometer with a Cu-K~ radiation source. The powdered electrocatalyst samples were kept in a 2.5 • 2.5 cm • 1 mm quartz block. The powders were pressed onto the quartz block using a glass slide to obtain a uniform distribution. The diffractometer was interfaced with PDP 11/23 computer for data analysis and plotting. The 20 Bragg angles were scanned over a range of 0 to 80 ~ The diffraction patterns were recorded and analyzed by comElectrode kinetic and cyclic voltammetric experiments.--Prior to the electrochemical performance evalua- In situ X A N E S and EXAFS investigation.--The X A S measurements were carried out at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL), using the NIST beam line X23A2. The monochromator was a two-crystal (St <311>, interplaner distance 1.9650 A) upwardly reflecting fixed exit Golovchenko-Cowan design 15' 16 with an energy resolution (AE/E) of 2 • 10 -4. Based on the monochromator and overall beam line configuration, the presence of second harmonics was negligible. The absence of second harmonics was confirmed however by taking absorption spectra on sample containing elements which had absorption edges at approximately twice the energy of the test samples. Hence in the Pt L3 edge an Rh K-edge reference (RhC13) sample was used. Similarly for the Cr and Mn K-edges, Au and Pb L3 edges were used. The Ta and Bi L~ edges were used to test for second harmonics at the Co and Ni K-edges. The in situ XAS on the electrocatalysts was conducted both in transmission and fluorescence modes. The data acquisition setup in the transmission mode comprised of three 12 in. ionization chamber detectors [incidence (Io), transmittance (It) and a reference (Ir~) detector]. The reference channel was primarily for internal calibration of the edge positions and was used in conjunction with pure foils of the respective elements. In the fluorescence mode, edge positions were first established using the appropriate reference foil of the pure element in the transmission mode followed by switching to the fluorescence data acquisition mode. The fluorescence mode however was used only for the measurement of Cr K-edge XANES. Measurements at all other ele- ment edges were carried out using the transmission mode. The gases used in the detectors depended on the element being examined. For the Ni K-edge, N2 was used in all the chambers. For Pt L3 and L2 edges, N2 was used in the Io and Ire~ chambers, in the It chamber a mixture of 50% N2 and Ar was used. For Cr and Mn K-edges, 80% He and 20% N2 gas mixtures were used in the Io detector chamber. Composition of gases in the Io chamber for Fe and Co K-edges was 50% He and 50% N2. For the Mn, Fe, and Co K-edges, the It and Ire~ chambers were filled with 100% N2. For the Cr K-edge the I~r~ (fluorescence) chamber had 100% He. As shown in Fig. 1 the in situ electrochemical cell was designed for XAS data acquisition in both transmission and fluorescence modes. The cell comprised of Plexiglas end plates with windows for passing x-ray beam and contained channels for incorporation of a calomel reference electrode with a built in Luggin capillary in contact with the working electrode (Pt/C or the binary Pt ahoy electrodes). The saturated calomel reference electrode contained a special arrange- ment of a double Nafion salt bridge to avoid chloride contamination. The anode and cathode compartments were separated using an electrolyte barrier comprised of Nation 117 (Du Pont Chemical Co., DE) proton exchange membrane. The anode comprised of an uncatalyzed carbon electrode to avoid any interference in the transmitted working electrode signal. The test electrodes were prepared b y a vacuum table paper making technique 1~ and contained 12 % polytetrafluoroethylene (PTFE) binder. The electrodes were formulated to yield an absorption length, ~x = i at the Pt L3 edge. In most cases, this yielded adequate stepheights for the XAS measurements at the respective transition element K-edge in the transmission mode. Only for Cr was it necessary to resort to fluorescence measurements. Prior to fabrication of these electrodes, the Pt/C and binary Pt alloy electrocatalysts were soaked in 2M KOH (PtCr/C) or 1M HC1Q (all others) to remove any residual oxides and unalloyed first-row transition metal elements. Since XAS is a bulk averaging technique, it is difficult to analyze the data when the element of interest is present in more than one chemical form or phase. For the same reason, the success of i n s i t u measurements depended on ensuring that every part of the electrode under study was electroactive since any unused electrocatalyst could be in different chemical states and thus yield more complicated spectra. For this purpose all electrodes were soaked in 1M HC1Q (the test electrolyte) for 24 h prior to XAS analysis. This acid was selected because of minimum adsorption of its anion. The electrocatalytic studies on the Pt and its alloys were made in the PEMFCs. The electrolyte in contact with the electrode was a perfluorinated sulfonic acid, the anion of which does not adsorb on the e]ectrocatalyst3 ~ The potential control for the i n s i t u XAS measurements was carried out using a potentiostat the alloying element also were carried out at 0.9 V v s . SCE (1.14 V v s . RHE) to check for its stability. Figure 2 shows that the half-cell potential (E) v s . current density (i) data fit the equation n
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where Eo = Er + b log io [2] In Eq. i and 2, io is the exchange current density for oxygen reduction, b is the Tafel slope, Eo is the reversible potential for the oxygen electrode reaction, and R represents the resistance (predominantly the ohmic resistance of the electrolyte) responsible for the linear variation of potential vs. current density plot. Equation 1 is valid to the end of the linear region of the half-cell potential v s . current density plot. At high current densities, the departure of the E v s . i data from Eq. 1 is due to the rapidly increasing contributions of mass-transport overpotentials. The parameters Eo, b, and R were evaluated by a nonlinear least square fitting of Eq. 1 to the experimental data. Using the R values, the iR-corrected Tafel plots [(E + i R vs. log i)] were constructed. As evident from Fig. 2 all five binary Pt alloys show enhancement of electrocatalytic activity for ORR, as compared to that on Pt/C electrocatalyst (all electrodes contained the same Pt loading, 0.3 mg cm 2). The extent of the enhancement is expressed quantitatively by the values of electrode kinetic parameters obtained from half-cell data (Table I) . A two-to threefold activity enhancement in terms of the geometric surface area of the electrode is indicated by the values of current density at 900 mV (Table I) . A similar trend is observed for the values of exchange current density, and the potential at 10 m A c m -2 (solely, activation controlled region). The electrocatalytic activities decrease in the order PtCr/C > PtFe/C > PtMn/C > PtCo/C > PtNi/C > Pt/C. The electrocatalytic activity for ORR on the Pt/C and the binary alloys of Pt also were calculated on a true surface area basis (electrochemically active surface area). The electrochemically active surface areas were obtained from the hydrogen desorption regions of the cyclic voltammograms for the Pt/C and the binary alloys of Pt.
1.2
The contribution of the alloying element to the roughness factor however was difficult to discern and thus it is assumed to be negligible. In the cyclic voltammetric experiments the potential range scanned was between 120 mV and 1.2 V vs. RHE at a scan rate of 25 mV s -~ with the cell operating conditions of 95~ and 5 arm pressure. The coulombic charge for the desorption of atomic hydrogen (area under the anodic peak minus the double-layer charge at 0.4 V vs. RHE) was used to evaluate the roughness factor of the electrode, assuming a value of 220 ~C cm 2 for the oxidation of atomic hydrogen on a smooth Pt surface. Table I shows the value of exchange current density based on both the geometric as well as the true surface area; electrocatalytic enhancements for ORR to the extent of two-to threefold are indicated on a true surface area basis (the highest performance is shown by the PtCr/C alloy). The trends of electrocatalytic enhancement by the alloys, on a true surface area basis, are similar to those based on geometric areas. 0.0 XRD analysis, crystalline structure of alloys.--Comparison of the XRD patterns with those of the standard JCPDS powder diffraction data base and Ref. [18] [19] [20] [21] [22] [23] shows that the PtMn/C, PtCr/C, PtFe/C, PtCo/C, and PtNi/C alloys form intermetallic crystalline structures, the primary superlattice phase being of the type Pt3M (where M is the first-row transition alloying element) possessing an LI2 type lattice with an fcc structure. Indications of a secondary phase of the type PtM possessing an LIo type lattice with tetragonal structure is also evident (represented by an asterisk on the respective diffraction line). The extent of contribution of this secondary phase (Table If) , was estimated by the intensity of the diffraction lines due to the PtM phase [such as <001> and <220> diffraction lines in the PtCr/C powder diffraction pattern ( Fig. 3a) ]. The 2O positions of the <i00>, <iii>, <200>, and <220> powder diffraction lines for the Pt/C electrocatalysts compare well with the standard JCPDS powder diffraction files and Ref. 18 and indicates that the electrocatalyst Pt/C has fcc lattice similar to bulk Pt (Fig. 3b) . The lattice parameters for the Pt alloys, based on the Pt3M type fcc lattice (Table II) , reveal contractions, in comparison to that for the Pt/C electrocatalyst. The lattice parameters decrease in the order Pt/C > PtMnC > PtCr/C > PtFe/C > PtCo/C > PtNi/C (Table II) . The particle sizes, based on x-ray line broadening, were estimated using the Scherrer equation 24 and the llnewidth at half-maximum intensity, corrected for instrument-broadening, was obtained using the Warrens equation. 2~ The particle sizes were obtained from peak broadening of <111> diffraction line of the primary phase in the Pt and Pt alloys, relative to the <220> diffraction line for 20 ~m spherical particles of A1 powder used as an internal standard (20 peak position at 44.6~ Table II shows that particle size increases due to alloying in the order of Pt/C < PtCr/C < PtFe/C, PtNi/C < PtCo/C, PtMn/C. The L~ transitions (2p3/2 to 5d~n) are thus more favored, by selection rules, than the L2 transitions (2p~j2 to 5d~/~). The intensity of the Ls and to a lesser extent the L2 peaks increase with increase in Pt d-band vacancy. From the difference in areas under the Pt L3 and L2 absorption edges between the sample (Pt/C and Pt alloy electrocatalyst) and a pure Pt reference foil, the fractional change ~n the number of d -b a n d vacancies relative to the reference material (fd) can be estimated using the relation (AA3 + 1.11AA2) fd = (As + 1.11A2)r [3] where hAs and AA 2 are expressed by hA2 = (A2~ -A2r) and AA~ = (As~ -A3r) [4] The terms A2 and As represent the areas under L2 and L3 absorption edges of the sample (s) and reference (r) material. The total number of unoccupied d-states, characterized by the total angular moment J [(ha)tota 1 = h3/2 + h5/2] for pure Pt, has been evaluated from band structure calculations to be 0.3.27,28 Therefore the d-band vacancies of Pt in the sample can be evaluated using the equation The data analysis package used for XANES was the University of Washington data analysis program. 33 The XANES spectra were first subjected to background removal by fitting the pre-edge data to a Victoreen type formula over a range of 200 to 40 eV below the edge (this range was the same for all the samples at both the alloying element and the Pt edges), followed by extrapolation over the energy range of interest and subtraction from the data. After removal of background contributions, the spectra were corrected for edge-shifts using the second derivatives of the inflection points of data from the reference channel (5 ~m Pt or alloying element reference foil). The procedures used for normalization were similar to those described by Wong et al. 3~ The normalization value was chosen as the absorbance at the inflection point of one EXAFS oscillation. The spectra were thus normalized by dividing each datum point by the normalization value. The edge areas (A2s and A3~) were calculated by numerical integration using Simpson's rule. The spectral window for such an integration was -i0 to 13 eV, relative to the absorption edge. The denominator in Eq. 3, (A3 + i.ii A2)~ was determined according to the procedure of Brown et al. 27 All the areas (AA~, AA3, A3r, and A2r) were normalized by the x-ray cross section at the edge-jump and the density of the absorbing material? 5 The EXAFS data analysis involved using computer algorithms developed by Koningsberger and co-workers? 6' s~ The first step in the analysis of an EXAFS spectrum is the extraction of the normalized EXAFS data from the measured XAS spectra. The raw data were initially subjected to a pre-edge subtraction ( -2 00 to -5 0 eV relative to the Pt L 3 edge) using a second-order polynomial. The use of a second-order polynomial instead of a Victoreen type expression stemmed from the former's ability to more adequately handle contributions of ionization chambers over the longer energy range involved in EXAFS analysis. This was specially relevant due to dissimilar spectral response of the detectors when using different gas compositions} 6 The background removal in the postedge region was conducted using cubic spline functions over the energy range of +20 to +1500 eV at the Pt L3 edge. The normalization factor in the EXAFS analysis was taken as the height of the edge-jump in the threshold region. This was obtained by determining the difference in the heights of the extrapolated backgrounds in the pre-edge and postedge regions at the threshold region of 50 eV above the absorption edge. The isolated EXAFS spectra at the Pt L~ edge for the supported Pt and Pt alloy electrocatalysts were of high quality and did not require any deglitching. The Fourier filtering and analysis of the EXAFS spectra were conducted according to the procedure described in detail elsewhere.3S-4~ The most comprehensive analysis of the EXAFS spectra is typically done following an inverse Fourier transform to allow analysis of k-space amplitudes and isolation of the primary coordination shells of interest. The isolation of a limited number of shells in r-space allows, as part of the inverse Fourier tranform, a reduction in the number of parameters that must be determined. The analysis of the EXAFS spectrum for the alloys was therefore carried out as one, two, and three shell fits using an iterative least square fitting technique. 41 For fitting the sample data from the Pt/C and the binary Pt alloys under in situ conditions, phase and amplitude parameters from standard materials as well as those calculated theoretically using University of Washington FEFF programs (Version 4.08) were employed? 2 The standard reference material used in this work was the liquid N2 data for a pure Pt foil (5 Ixm thick) and the octahedrally coordinated complex, Na2Pt(OH)6, for the Pt-Pt and Pt-O phase and amplitude parameters, respectively. The Pt-M phase and amplitude parameters were obtained from theoretical calculations using the FEFF programs 42 based on Cartesian coordinate inputs for an fcc lattice structure (assumption based on previous results using XRD). In these theoretical calculations, an So 2 value of 0.87 was used throughout. tion, the XAS studies were conducted on the test electrodes in a liquid electrolyte rather than at their interfaces with proton exchange membrane, to ensure that all the electrocatalyst particles were electroactive. For this purpose, perchloric acid was used as the electrolyte of choice because of minimal anion adsorption of this acid on Pt (perfluorinated sulfonic acid, the anion in the proton exchange membrane, possesses similar properties). Preliminary results using other liquid electrolytes such as H2SO4 exhibited interference in the Pt L3 white line due to the adsorption of HSO4 species (Fig. 4a) . This interference was not only observed at the double-layer region (Fig. 4a) but over the entire range of potentials, including a potential as low as that at which hydrogen evolution occurs. Detailed XANES and EXAFS analyses at 0.54 V (double-layer region) provided the desired potential region for comparing the different Pt alloys in terms of electronic and geometric parameters with those of the Pt/C electrocatalyst, without interference from any type of ionic adsorption or other effects (Fig 4b) . Besides this, detailed XANES and EXAFS analyses were conducted at 0.84 V, since this potential lies in the activation controlled region of the Tafel polarization plot for ORR. The electronic and geometric parameters obtained from XAS analysis at this potential were of interest in terms of their comparison with the corresponding values at the double-layer region. Figures 5 and 6 show the in situ XANES of Pt L3 and L2 edges at 0.54 V (after necessary steps of background removal, edge correction, and normalization) for the Pt/C and the five binary alloys of Pt. As evident from these figures, the magnitude of the white line determined at a potential in the double-layer region (0.54 V) is greater for the alloys (with the exception of PtMn/C) as compared to the Pt/C electrocatalyst. This is evident from the broadening of the white line for the PtCr/ C and an increase in the white line intensity exhibited by PtFe/C, PtCo/C, and PtNi/C alloys relative to Pt/C electrocatalyst at the Pt L~ edge (Fig. 5) . The calculated values of the Pt d-band character, evaluated from the areas under the Pt L3 and L2 edges, are enumerated in Table III . The order of increase in the value of the Pt d-band vacancies per atom follows the trend Pt/C, PtMn/C < PtCr/C < PtFe/C < PtCo/C < PtNi/C. This trend shows that with the exception of PtMn/C alloy there is an increase in the dband vacancy of Pt (5 d-orbital) and that this increase depends on the electron affinity of the alloying element. The reason for the PtMn/C alloy to be an exception is due primarily to the stable 3s24d ~ electronic configuration of Mn. The effect of the alloying element on the Pt-Pt bond distance was obtained by analyzing the Fourier transform of the EXAFS at the Pt L3 edge. Figure 7 shows the representative plot for the isolated EXAFS spectrum at the Pt L3 edge for the PtCr/C and PtMn/C alloys at a potential of 0.54 V. The EXAFS analysis involved Fourier filtering of the isolated EXAFS spectra (Pt L3 edge) using k-space windows (hk range) as described in Table IV . The correspond- (Tables V-VII) were obtained according to procedure described elsewhereJ ~ For single-shell fits the limits of error ranged between 1 and 8% for N and 0.005 to 0.01 A for R. For two-shell fits the error limits were t:fpically in the range of 5 to 14% for N and 0.007 to 0.012 A for R.
X A S Investigations. X A N E S a n d E X A F S data analys i s . --O n e significant aspect of XANES analysis is that it can provide important information on the
Electronic and structural characteristics from in situ X A S investigations.--As stated in the Experimental sec-
Comparison of the Pt-Pt bond distances indicates a contraction as a result of alloying. The Pt-Pt bond distances determined from XRD and in situ EXAFS analysis at 0.54 V exhibit good agreement (Tables II and III) and follow the same trend. In addition there is an inverse relationship between the Pt-Pt bond distance in the electrocatalysts and their Pt d -b a n d character (Table III) . The coordination numbers obtained for the Pt/C and Pt alloy electrocatalyst were lower than those expected for corresponding bulk samples. The primary reason for this behavior is based on particle sizes of the Pt and Pt alloy crystallites. As a result, the Pt/C electrocatalyst exhibits a coordination number of -9 instead of 12 (bulk sample). Similarly the coordination numbers around Pt in the alloys (sum of Pt-Pt and Pt-M) range between ~9 and ii instead of 12 for the bulk phase. Figures 9 and I0 show the Pt L3 and L2 XANES spectra at 0.84 V (oxygen reduction region) for carbon supported Pt and Pt alloy electrocatalysts. Comparison of Pt L3 XANES (Fig. 5 and 9 ) at the two potentials of 0.54 and 0.84 V, reveal significant increase in the intensity of the Pt L3 white line for Pt/C electroeatalyst. Table III (Fig. l l a ) shows peaks due to presence of oxygenated species at low R values (<2 A) at 0.84 V. This also causes a decrease in the number of Pt-Pt interactions at 0.84 V as shown by the lower magnitudes of transformation at this potential (Fig. lla) . In contrast to this a similar comparison for the Pt alloys shows virtually no difference as a result of this potential change. This is illustrated by the representative plot for PtCr/C alloy in Fig. llb . This fact can be further illustrated in Fig. 12a , which shows a single-shell Pt-Pt fit of the Pt/C sample data at 0.84 V. This figure shows deviations from the fit at low R values which are attributed to the presence of chemisorbed oxygen on the Pt/C electrocatalyst. In contrast, a two-shell fit, using the Pt-Pt and the Pt-O standards, gives an excellent fit (Fig. 12b) , thus confirming the earlier hypothesis. Table V lists the corresponding results of the EXAFS analysis. These results on the Pt/C electrocatalysts are in agreement with the results from previous XAS investigations on the Pt/C electrocatalysts. 44 Further, cyclic voltammetric experiments together with theoretical and experimental investigations of the ORR mechanism 4~'46 show the increase of coverage by OH or O species at potentials higher than 0.80 V and the effect of a Temkin type adsorption isotherm on the electrode kinetic parameters. The contrasting results on the Pt alloys (with the exception of PtMn/C alloy) appears to be due to the electronic properties of Pt remaining practically identical at the potentials of 0.54 and 0.84 V. This is confirmed in Pt alloys, since the Pt L3 EXAFS data at 0.84 V could still be fit to a simple two-shell Pt-Pt and Pt-M fit. It was not necessary to include a Pt-O contribution indicating insignificant oxidation of Pt at 0.84 V. Attempts for threeshell fits with the Pt-Pt, Pt-M, and Pt-O standards at 0.84 V failed to provide a better fit for all the binary Pt alloys including the PtMn/C alloy. Figure 13 illustrates the quality of two-shell fits in the k and r-space for PtCr/C alloy at 0.84 V. The corresponding values of N, R, ha 2, and AEo for the Pt-Pt and Pt=M coordination shells in the Pt alloys at 0.84 V are listed in Table VII . Even though analysis of the EXAFS failed to reveal any oxygenated species chemisorbed to the Pt surface on the PtMn/C alloy the XANES data indicated some adsorption of OH, albeit to a lesser extent than on the Pt/C electrocatalyst (Table III) . Further, there is no change in the bond distance for all electrocatalysts when the potential is increased from 0.54 to 0.84 V (Tables III-VII) . With the exception of Pt/C there is no change in the Pt-Pt coordination numbers on going to 0.84 V (Tables III and V) .
Correlations of results of electrochemical and X A S stud-
ies.--Our main objective here is to see if there are any cor- Errors were typically 1 to 8% (N) and 0.005 to 0.01 A (R) for single-shell fits. Errors were typically 5 to 14% (N) and 0.007 to 0.012/i (R) for two-shell fits. Errors were typically 5 to 14% (N) and 0.007 to 0.012 .& (R) for two-shell fits.
relations b e t w e e n t h e electrode kinetic p a r a m e t e r s a n d t h e electronic a n d geometric c h a r a c t e r i s t i c s of t h e Pt a n d Pt alloy electrocatalyst. The Tafel slope in t h e region of p o t e ntial for fuel cell o p e r a t i o n does not show a n y d e p e n d e n c e on c h a n g e in the electronic a n d s t r u c t u r a l p a r a m e t e r s as a result of alloying Pt w i t h t h e f i r s t -r o w t r a n s i t i o n elements (see results in Tables I a n d III). However, t h e e l e c t r o c a t alytic activities show a dependence, as seen from the io a n d ig00mV values in Table I a n d t h e Pt 5 d -o r b i t a l v a c a n c y p e r a t o m (hj)t,s a n d P t -P t (R) values in Table III . The c u r r e n t density at 900 mV in t h e fuel cell is close to t h e o p e n -c i r c u
i t potential. A t this p o t e n t i a l t h e only c o n t r i b u t i o n to t h e o v e r p o t e n t i a l is t h e a c t i v a t i o n o v e r p o t e n t i a l for t h e oxygen
electrode. F o r a n i l l u s t r a t i o n of t h e role of electronic a n d s t r u c t u r a l p r o p e r t i e s in the electrocatalysis of oxygen red u c t i o n on Pt a n d Pt alloys, plots were m a d e of log ig00r.V VS.
(h~)t.s a n d P t -P t (R) b o n d distances (Fig. 14) . Volcano type b e h a v i o r for oxygen r e d u c t i o n in these plots is s i m i l a r to t h a t observed earlier b y A p p l e b y 4~ in p h o s p h o r i c acid. The p r i m a r y difference b e i n g t h a t t h e earlier studies i n v o l v e d the c o r r e l a t i o n of the electrochemical p e r f o r m a n c e w i t h e x s i t u m e a s u r e m e n t s (XRD) for the P t -P t b o n d distance 1 a n d c a l c u l a t e d value of p e r c e n t a g e d -b a n d character, 45 w h e r e a s in this s t u d y the volcano plots are derived f r o m a n actual in s i t u c o r r e l a t i o n i n v o l v i n g b o t h t h e P t -P t distances a n d the d -b a n d electronic properties. The t h e o r e t i c a l basis of volcano b e h a v i o r 4~ indicates t h a t at a fixed Po2 a n d {H+}, the rate (10g i) s h o u l d i l l u s t r a t e a s c e n d i n g a n d d e s c e n d i n g l i n e a r f u n c t i o n s of AGoE w i t h t h e m a x i m u m b e i n g at AGo~ = 0. This a p p r o a c h therefore implies t h a t the Pt/C, P t M n / C electrocatalysts h a v e h i g h o v e r p o t e n t i a l s w i t h AGoH < 0 followed by P t C r / C w i t h AGoH -0 a n d PtFe/C, PtNi/C, PtCo/C electrocatalysts a g a i n h a v i n g h i g h overpot e n t i a l s w i t h h G o~ > O. F r o m t h e results s h o w n above, there are p r i n c i p a l l y three i n t e r r e l a t e d factors c o n t r o l l i n g t h e electrocatalysis of oxygen r e d u c t i o n reaction. These are (i) t h e vacancies of t h e Pt 5 d -o r b i t a l s , (it) the P t -P t b o n d distance, a n d (iii) the a ds o r p t i o n c h a r a c t e r i s t i c s of t h e o x y g e n a t e d species from the electrolyte solution. The i n t e r p l a y of a r e d o x type process was, however, ruled o u t on t h e basis t h a t position of t h e K-edge X A N E S of alloying elements was unaffected as a result of p o t e n t i a l t r a n s i t i o n from 0.54 to 0.84 V (Fig. 15-19) . A c h a n g e in t h e o x i d a t i o n state, expected as a result of a r e d o x type process is therefore absent. This is i l l u s t r a t e d in t h e P t N i / C alloy electrocatalyst, w h e r e there is no c h a n g e in the Ni K-edge X A N E S in the p o t e n t i a l region of 0.0 to 1.14 V vs. RHE (Fig. 15) . It also i n d i c a t e s t h a t there is no corrosion of Ni at positive potentials. In t h e case of P t C r / C electrocatalyst, there was still m u c h residual Cr oxide, even after t h e K O H t r e a t m e n t , w h i c h yielded a yellow c h r o m a t e solution. This could be seen in b o t h the Cr E X A F S , w h i c h e x h i b i t e d a Cr-O p e a k a n d in the X A N E S s p e c t r a (Fig. 16 ). This obscures t h e i n t e r p r e t a t i o n of the Cr data. However, t h e r e was no o b s e r v a b l e edge shift or increase in t h e Cr w h i t e line, as evident from t h e spectra at 0.54 a n d 0.84 V. In the M n a n d Fe alloys, t h e r e was some increase in the w h i t e line at 0.84 V (as c o m p a r e d w i t h t h a t at 0.54 V) w i t h o u t a n y c h a n g e in t h e edge position. This m a y indicate a d s o r p t i o n of oxygen species or the onset of corrosion (Fig. 17-18) . At 1.14 V, t h e r e was a slight increase in the Co X A N E S w h i t e line (Fig. 19) , i n d i c a t i n g the onset 1.2 of corrosion. In all cases there was no evidence of a redox process in the oxygen reduction potential region.
It is evident that the partly filled d-orbitals and bond distances of the transition elements play an important role in the oxygen reduction electrocatalysis. The first reports of this fact 4~' 4~ were based on correlation of calculated values of the percentage d-orbital vacancies (using Pau]ing's equation 48) and bond distances obtained from XRD analysis for the transition elements such as Au, Pt, Pd, Ir, Rh, Ru, Os, etc., with the electrochemical performance characteristics which exhibited the volcano type behavior. Results from this study support these earlier correlations and provide the framework for altering the electronic and geometric parameters of catalytically active surfaces by alloying Pt with first-row transition elements. Further fine-tuning of the ORR electrocatalysis may be possible via formation of ternaz:f alloys.49
Conclusions
From the results presented above it is evident that ORR electrocatalysis depends primarily on the interplay of elec- plain the lack of affinity for OH chemisorption on Pt surface in the alloys at potential above 0.80 V.
Sensitivity of the ORR activity to bond distances has been independently 1'45'51 established. As shown by Chen and Gerwith, ~I underpotential deposited (UPD) layers of Bi on Au cause variations in bond distances and hence the bond strength of the intermediates during H202 reduction, thereby effecting the activation energy and reaction order for the reduction step. Similarly, the sensitivity of the Pt-Pt coordination numbers toward the ORR has been pointed out previously ~z based on investigations of supported Pt electrocatalysts. According to this investigation, higher ORR electrocatalytic activity may be caused by higher concentration of crystallites with low Pt-Pt coordination numbers.
The following conclusions can be drawn from the results of the present work.
I. The kinetic parameters for ORR electrocatalysis obtained at 95~ and 5 atm pressure in PEMFC indicate a two-to threefold enhancement for the binary Pt alloys as compared to the base line perlormance of the Pt/C electrocatalyst (the Pt loading in all the electrodes remaining constant at 0.3 mg cm-2). This was observed for the exchange current density, current density at 900 mV, and potential at i0 mA cm -~, based on geometric and true surface areas (electrochemically active surface area of Pt). Among the binary Pt alloys, the highest performance was shown by the PtCr/C alloy electrocatalyst.
2. The XRD studies reveal that alloys of Pt with base transition elements of group VIB to VIIB (Cr to Ni) primarily possess the Pt3M phase with the LI2 type fcc lattice structure and a secondary phase (only small contributions of 2 to 9% from this phase) of the PtM type with LIo type tetragonal lattice structure. This formation of an intermeta]lic alloy therefore causes a contraction in the Pt-Pt bond distance. In addition, the sizes of the alloy particles exhibit a 1.6 to twofold increase over that on the Pt/C electrocatalyst.
3. The in situ XANES investigation at a potential in the double-layer region (0.54 V) reveals that the d-band vacancies of the Pt 5 d-orbital (with the exception of PtMn/C) are higher for the alloys than for Ft/C electrocatalyst. As expected, the change in the d-orbital vacancies follows the same trend as the electronegativity variations of the alloying element. EXAFS investigations at a potential in the double-layer region show lattice contractions for the Pt-Pt bond distances in the alloys which are in agreement with those obtained from the XRD investigations. At a potential of 0.54 V in HCIO4 there was no indication of any chemisorbed oxygenated species on any of the electrocatalysts (Pt and Pt alloy electrocatalyst). The Pt-Pt bond distance and the Pt 5 d-band vacancies in the Pt alloys exhibited a smooth and inverse relationship indicating the close interplay of the geometric and electronic factors.
4. Comparison of the in situ XANES and EXAFS investigation at 0.54 and 0.84 V revealed that the Pt/C electrocatalyst, in contrast to Pt alloys (with the exception of PtMn/C alloy to some extent), shows a significant increase in the d-band vacancy as a result of such a potential transition. This could be accounted for by the lack of affinity of OH chemisorption on the Pt in Pt alloys, unlike that on the Pt/C electrocatalyst. This fact is also evident by comparison of the in situ EXAFS results at the two potentials. The principal factors responsible for this behavior are the changes in the d-band vacancy, which affects the electronegativities/electron affinities of the Pt atom in the al- loys and the presence of the alloying element with a greater affinity to adsorb any oxygenated species. Thus, there are more surface sites for adsorption of molecular dioxygen on the Pt surface in the alloys than on Pt/C electrocatalyst. The Pt-Pt bond distances and the coordination numbers obtained by the in s i t u EXAFS analysis at the two potentials (0.54 and 0.84 V), do not show any significant variations for the alloys; in contrast Pt/C electrocatalyst exhibits variation in the Pt-Pt coordination numbers (the bond distances remaining the same) at the two potentiMs due to the adsorption of OH species from the electrolyte solution at the higher potential. 5. Plot of electroeatalytie activity (ig00mV) VS. the electronic (Pt d -b a n d vacancies per atom) and geometric parameters (Pt-Pt bond distances) exhibit a volcano type behavior. PtCr/C lies at the top of the curve, revealing the fact that, among the electrocatalysts investigated, it has the best combination of both the Pt d -b a n d vacancies as well as the Pt-Pt bond distance. The volcano type relationship implies that AGo~(Ad~) is close to zero for the PtCr/C alloy and greater than zero for the PtFe/C, PtCo/C, and PtNi/C alloys. PtMn/C and Pt/C iie on the ascending part of the volcano curve implying hGo~(Ads) < 0 as a result of which they are expected to show OH adsorption in the oxygen reduction region. The Pt atom in the Pt/Mn alloy, however, did not indicate the presence of any oxygenated species in the in s i t u EXAFS analysis, which is primarily due to the fact that the change in the d -b a n d vacancy was not as significant at 0.84 V as compared to the Pt/C electrocatalyst. However, the presence of oxygenated species at higher potentials can be expected assuming a Temkin type isotherm for OH adsorption in this part of the volcano Brookhaven National Laboratory assisted in meeting the publication costs of this article. 
